Purpose We present a software designed to improve hip joint osteoarthritis (OA) understanding using 3D anatomical models, magnetic resonance imaging (MRI) and motion capture. Methods In addition to a standard static clinical evaluation (anamnesis, medical images examination), the software provides a dynamic assessment of the hip joint. The operator can compute automatically and in real-time the hip joint kinematics from optical motion capture data. From the estimated motion, the software allows for the calculation of the active range of motion, the congruency and the center of rotation of the hip joint and the detection and localization of the femoroacetabular impingement region. All these measurements cannot be performed clinically. Moreover, to improve the subjective reading of medical images, the software provides a set of 3D measurement tools based on MRI and 3D anatomical models to assist and improve the analysis of hip morphological abnormalities. Finally, the software is driven by a medical ontology to support data storage, processing and analysis. Results We performed an in vivo assessment of the software in a clinical study conducted with 30 professional ballet dancers, a population who are at high risk of developing OA. We studied the causes of OA in this selected population. Our results show that extreme motion exposes the morphologically "normal" dancer's hip to recurrent superior or posterosuperior FAI and to joint subluxation. Conclusion Our new hip software includes all the required materials and knowledge (images data, 3D models, motion, morphological measurements, etc.) to improve orthopedists' performances in hip joint OA analysis.
Introduction
Osteoarthritis (OA) is among the leading causes of chronic musculoskeletal disabilities, and typical symptoms include functional impairment, pain, stiffness and limited motion. OA commonly affects large weight-bearing joints such as the hips and knees. In some cases, early hip OA could be explained by femoroacetabular impingements (FAI) which occur when there is an abutment conflict between the proximal femur and the acetabular rim. Two types of FAI have been distinguished: the cam FAI caused by a non-spherical head at the femoral head-neck junction [2, [15] [16] [17] 24, 28] and the pincer FAI due to acetabular overcoverage [2, 10, 16, 17, 24, 28] or acetabular retroversion [25] . These morphological abnormalities induce early degenerative lesions of the cartilages and superior labrum [27, 28] . FAI of the cam/pincer type cannot explain observed OA in hips with normal morphology. However, changes in the movement and alignment of the hip (e.g., subluxation) could be potential causes of the development of early OA in the young active adult. Indeed, sporting activities that require repetitive and extreme movements (e.g., dancers, gymnasts) have been thought to result in labral tears [3, 9, 14, [19] [20] [21] [22] .
The diagnosis and preoperative planning of hip OA is generally based on a clinical evaluation of the hip joint, which includes anamnesis (localization of pain, determination of the joint range of motion), computed tomography (CT) or magnetic resonance imaging (MRI) examination and morphological analysis of the bony structures. Clinicians have therefore no technical means to evaluate in vivo dynamic pathologies of the hip joint. We believe that dynamic in vivo 3D modeling will allow the identification of movements that could lead to hip pathologies and contribute to improve knowledge about patterns leading to OA. For instance, we have shown in previous works preliminary earnings of using MRI data to reconstruct and visualize in 3D patient-specific hip joint models [12, 26] , and motion capture data to detect pathological hip conditions (e.g., FAI, subluxation) while visualizing the joint in motion [4] [5] [6] [7] [8] .
We developed an integrated platform dedicated to the hip joint OA analysis because the integration and combination of precise image-based morphological measurements, functional hip joint simulation (which may include motion capture or dynamic MR imaging) and 3D reconstruction are highly challenging and beneficial for the orthopedists in routine practice. Moreover, examination performance is currently limited to a static assessment of the joint and is reader dependent because findings are subjective (e.g., morphological measurements). Additionally, there is a lack of validated non-invasive methods to ascertain impingement during motion. Automated 3D FAI detection and localization of damaged areas within the chondrolabral structures are hence needed. This paper describes the software design, the implementation of hip-specific analysis tools and the results obtained using this software in a clinical study conducted with professional ballet dancers.
Materials and methods

Software design
We developed a hip-dedicated software known as "VisualHuman". This software was designed for Microsoft Windows systems and written in conventional C++ using Microsoft Visual Studio, as this environment allows for flexible and rapid application development. Development was based on the VTK open source toolkit [31] , which enabled us to quickly include medical images compatibility (e.g., DICOM), a suit of 3D interaction widgets, as well as visualization and image-processing components. The platform is driven by a medical ontology that takes into account not only the anatomy but also the functionality of the musculoskeletal system. This ontology contains the core medical knowledge and acts as a medical interpreter between the user and the data (see "Semantic engine"). A summary of the features available in VisualHuman is provided in Fig. 1 and a screenshot of the software's graphical user interface is shown in Fig. 2 .
Image analysis
Our framework is based on the MRI modality. We chose MRI technique because it is not invasive, versatile and able to image simultaneously soft and bony tissues. In a previous step, MRI were used to reconstruct patient-specific 3D Fig. 1 Summary of the features available in VisualHuman Fig. 2 Screenshot of the software's graphical user interface. In the middle, a panel allows for the selection of the patient to be analyzed and for the loading of its corresponding data. On the left, a large resizable window displays the loaded 3D structures and objects, such as the bones and cartilages of the patient, the MRI volume(s) or motion capture-related components (virtual skeleton, markers). On the middle top, a resizable window displays MRI slices and allows for the 2D interaction with images. In the bottom left-hand corner, several panels provide access to the visualization and simulation tools. The ontology is available for browsing in the right panel (see also enlarged image on the right) models of the hip joint (including pelvis, femur, cartilages and labrum) using a segmentation procedure [12, 26] . In this software, MRI in combination with 3D anatomical models are devoted to support the analysis of hip morphological abnormalities. Under the collaboration with radiologists, a set of measurement tools was therefore implemented in 3D, improving the subjective reading of medical images. The morphology of the hip is well described by selected anatomical parameters:
One important parameter is the computation of the acetabular version that identifies the orientation of the opening of the acetabulum. This measure is an indicator of pincer FAI [24] . We have implemented the standard measurement method from [25] , in a fully automatic fashion. It is based on the angle between the sagittal direction and lines drawn between the anterior and posterior acetabular rim, at different heights (Fig. 3a) . The angle is considered as positive when inclined medially to the sagittal plane (anteversion) and negative when inclined laterally to the sagittal plane (retroversion). Normal hips are anteverted. Contrary to [25] , we use the anatomical axis of the 3D reconstruction of the acetabulum (i.e., the pelvic frame, see "Motion analysis") instead of a reference axis based on CT or MRI slices. Thus, our results are independent from the patient positioning in the magnet bore.
Another indicator of pincer FAI is the acetabular depth [24] . If the acetabulum is too deep (i.e., coxa profunda), pincer FAI are more favorable to occur. The depth of the acetabulum is defined as the distance in millimeter between the center of the femoral head (O) and the line AR − P R connecting the anterior ( AR) and posterior (P R) acetabular rim (Fig. 3b) . The value is considered as positive and normal if O is lateral to the line AR − P R. This measure requires an accurate identification of O. Thus, our method automatically fits a sphere to approximate the femoral head, so as to simplify and reduce errors in typical manual measurement.
A standard parameter related to the femur geometry is the femoral alpha (α) neck angle that is used for detecting non-spherical shapes (bumps) of the femoral head. Bumps are factor of cam FAI [24] . The α angle is measured in 8 positions around the femoral neck using radially reformatted images superimposed on the 3D reconstruction model to make sure being in the femoral neck axis. We have implemented the measurement method from [23] . The α angle is being defined by the angle formed by the line O−O connecting the center of the femoral head (O) and the center of the femoral neck (O ) at its narrowest point, and the line O − P connecting O and the point P where the distance between the bony contour of the femoral head and O exceeds the radius (r ) of the femoral head (Fig. 3c) . Deviation from the normal geometry is usually associated with larger α angles (>55 • ). As for the acetabular depth, this measure requires an accurate identification of O. Therefore, the same method is used to automatically fit a sphere approximating the femoral head.
To perform these measurements using the software, the operator only has to select the appropriate MRI volume and interactively place landmarks on the images. Measuring in 3D space (that is independently from the patient positioning in the magnet bore), along with the automatic detection of the center of the femoral head, has the advantage to provide more accurate, reader independent, reproducible and repeatable results.
Motion analysis
The main idea of the proposed software is that 3D functional models can provide valuable insight into the understanding of hip pathology. To this end, the software integrates a module to compute the hip joint kinematics from optical motion capture data. This module only requires a standard file of recorded markers' trajectories (CSM file) and enables the operator to compute automatically and in real-time the active range of motion (ROM), the congruency and the center of rotation of the hip joint. All these measurements cannot be performed clinically.
From the motion capture data, the hip joint kinematics is accurately estimated using a previously developed and validated optimized fitting algorithm [4, 7, 8] which reduces parasitic markers movements due to muscle activities. The movement of the skeleton (based on a ball and stick representation) is also estimated to assist the analysis and visualization of the motion. Figure 4 shows examples of computed postures.
The ROM and congruency of the hip joint are calculated using the patient's bony 3D models and two coordinate systems (one for the femur and one for the pelvis). We use the definitions proposed by the Standardization and Terminology Committee of the International Society of Biomechanics [32] to report joint motion in an intra-and inter-patient repeatable way. The pelvic and femoral coordinates systems are first evaluated from anatomical landmarks defined on the reconstructed surface of the hip and femur bones. Then, these axes standardize the joint coordinate system. Thus, given the computed bone positions from the motion capture data, normalized hip joint angles and translations are determined at each point of the movement, using the two bone coordinate systems. Eventually, to determine the position of the hip joint center (HJC), the software uses a functional method [11] which entails the simulation of the hip and femur bones 3D models during a circumduction motion pattern. The computed values (ROM, subluxation and HJC) can be saved to disk for further analysis.
Instead of motion capture, the operator can perform the same measurements (ROM and subluxation) using dynamic MRI data. However, an additional step is required in order to process the MR series and to track the bones trajectories [13] .
FAI detection and localization
From the motion capture data, the software allows for the automatic detection and calculation in real-time of individual impingement zones over the full range of motion. While visualizing the patient's hip joint in motion, a collision detection algorithm is used to virtually locate abnormal contacts between the proximal femur and the labrum [4, 7, 8] . To estimate the overall FAI, the surface-to-surface distance (i.e., penetration depth) is computed. This distance represents the topographic extent of the labrum compression and is reported in millimeter. Moreover, the visualization of the penetration depth distribution on the surface of the labrum is represented using a color table (Fig. 5 ).
Semantic engine
The software is driven by a medical ontology that takes into account not only the anatomy but also the functionalities of the musculoskeletal system. Our model comprises 825 classes and 1,244 instances, representing the concepts and their relationships that relate to the structural anatomy of the human musculoskeletal system at the macroscopic level. Some instances contain specific attributes referring to relational (e.g., anatomical relationships such as organ's attachments) or kinematical (e.g., joint center, joint axis) parameters so as to define the functional properties of the entity. Moreover, all entities are linked to a 3D model. The software can hence automatically associate the concept to its concrete representation.
The ontology was designed with Protégé [30] and subsequently exported into an XML file. To connect the generated XML file with our software, we use Berkeley DB XML [29] . This solution allows us to read the XML file via a C++ API in order to visualize our medical ontology directly in the software and to create queries.
The ontology contains the core medical knowledge and constitutes the interface between the software and the medical interpretation of the data. For instance, to visualize the 3D models, the operator browses the ontology classes (i.e., selection from the ontology browser, see Fig. 2 ) which dynamically loads the 3D models. The ontology can be interactively navigated in real-time, thus enabling e.g., interesting assimilation of the articulations (e.g., for training of medical students), as well as the display of the models properties (i.e., by querying the elements of the ontology). The ontology also offers a support for data fusion and completion and automates the data transfer and processing. As all the acquisition modalities and measurements will not be systematically available at clinical sites, the ontology stores generic anatomical and functional parameters, which provides easy access for references. These generic parameters are then adapted as best as possible to the patient characteristics. Finally, the ontology stores the results of the morphological measurements and analysis of the patient data, which should allow statistical assessment for subject comparisons and longitudinal studies.
Additional information can be easily added to the ontology, i.e., surgical information could be introduced (e.g., estimating the bone resurfacing for corrective surgery in the case of cam FAI or bone resection, prosthesis alignment), to assist the planning and postoperative phases.
In vivo assessment
We performed an in vivo assessment of the software in a clinical study conducted with professional ballet dancers, a population who are at high risk of developing OA [3, 14, 18, 19] . Thirty female dancers (60 hips) aged between 18 and 39 (mean, 24.6 years) were recruited. The volunteers were all professional and performed classical ballet and contemporary dance. They were excluded if they reported a prior surgery of the hip. All subjects underwent MR imaging and a complete physical examination of the hip. Ten of them were motion captured during 6 dancing movements: grand plié, développé à la seconde, développé devant, grand écart latéral, grand écart facial and arabesque. The study was approved by our Institutional Review Board, and informed consent was required from each volunteer.
For each dancer, both hips were assessed using the software by two experienced orthopedic surgeons. The 3D models of the hip joints and the respective cartilages were first loaded in the software thanks to the ontology browser. Using the MRI data, the shape of the bones were analyzed and results of the morphological measurements were stored in the ontology. The hip joints were then simulated according to recorded motion capture data. The ROM and congruency of the hip joints were computed and FAI were detected automatically. Results of the simulation (ROM, subluxation and penetration depth) were finally saved to disk. The overall assessment for each subject (2 hips) required 20-25 min on a standard PC, which was according to the two orthopedic surgeons clinically applicable in routine practice.
Results
Imaging data
The normality of the 30 dancers' hips was measured using the 3D morphological tools. The results revealed a mean ± standard deviation (SD) acetabular depth of 7.5 ± 1.7 mm, a mean ± SD acetabular version of 7.5 • ± 4.1, a mean ± SD α angle in anterior position of 45.5 • ± 5.3 and a mean ± SD α angle in anterosuperior position of 46.7 • ± 6.7. For the α angles, only the measures in anterior and anterosuperior positions are reported, since they are the more significant. From our results, no cam or pincer morphologies were thus detected.
In addition to the morphological analysis, two musculoskeletal radiologists analyzed all MR images. Cartilage lesions were significantly located in the superior (64%) part of the acetabulum. Labral lesions were diagnosed mostly in superior (48%) and posterosuperior (32%) positions. No intraarticular contrast material was injected in the dancers' hips during MR imaging, because of the invasiveness of this procedure. However, the radiologists estimated that the reliability of the current findings was at least 60%.
Motion data
Using the software, the ROM and congruency of the hip joint were quantified for the 10 dancers and for the 6 recorded dancing movements. FAI were also investigated. The following two criteria were applied: (1) Whenever there is subluxation, there is loss of hip joint congruence. Thus, any femoroacetabular translation was considered as detrimental to the joint; (2) Knowing that the labrum has an average height of 5 mm, FAI were considered when the labrum compression (i.e., penetration depth) was greater than 2 mm, since this amount could be potentially damageable for the joint when observed repetitively. The motion study stressed the following findings: As shown in Table 1 , dancing involves intensive hip flexion and abduction combined with rotation. It is important to note that the ROM was measured independently of the major anatomical planes (i.e., sagittal, transverse, frontal planes), thanks to the two bone coordinate systems (see "Motion analysis").
The frequency of FAI and subluxation, and the amount of penetration depth and femoroacetabular translations varied with the type of movement (Table 2) . Four dancing movements (développé à la seconde, grand écart facial, grand écart latéral and grand plié) seemed to create significant stress in the hip joint, according to the observed high frequency of impingement and amount of subluxation. Ninety-two percent of the computed zones of FAI were located in the superior (44%) or posterosuperior (48%) part of the acetabulum. The simulation results were hence relevant with respect to the MRI findings.
Conclusion
Our main objective in designing the software was to support orthopedists with the analysis of hip motion in order to detect pathological hip conditions (e.g., FAI, subluxation). We aimed at providing clinicians with new dynamic Eventually, the software improves the accuracy of the morphological measurements and the medical ontology offers a support for data storage, processing and analysis.
To validate the software on a large range of motion, we chose to study ballet dancers which led us to highlight interesting findings: (1) the dancers' hips were morphologically normal; (2) extreme motion was possible thanks to a combination of three articular motion patterns; (3) FAI and subluxation were often observed in typical ballet positions, suggesting that these movements should be limited in frequency; (4) the computed zones of FAI were mainly located in the superior or posterosuperior area of the acetabulum and this was correlated with the MRI findings. This localization is in fact unusual because resulting chondrolabral damages due to FAI such as of the cam or pincer type are generally located in the anterosuperior position [1, 2, 27, 28] . In conclusion, we think that dancing implies a new superior/posterosuperior FAI due to extreme movements.
Thanks to this software, the understanding of the hip OA is improved. All the required materials and knowledge (images data, 3D models, motion, morphological measurements, etc.) are interactively and quickly accessible to the operator providing support to diagnosis, but also to teaching and training.
Future work should include physically based simulations of the chondrolabral structures to account for the mechanical properties and deformations of the soft tissues under loads. This could be integrated in a next software version to contribute to a better evaluation of the pathology and subsequent treatment.
